RON, a member of the MET proto-oncogene family, has been implicated in the progression of certain epithelial cancers. The purpose of this study was to determine the oncogenic potential of RON in vivo in lung epithelial cells. Transgenic mice were established using surfactant protein C promoter to express human RON in the distal lung epithelial cells. These mice were born normal but developed multiple lung tumors with distinct morphology and growth patterns. Tumors appeared as a single mass in the lung around 2 months of age and gradually developed into multiple nodules located mostly in the peripheral portions of the lung. A transition from early adenomas to later adenocarcinomas was observed. Morphologically, tumors were characterized as cuboidal epithelial cells with a type II cell phenotype, grew along the alveolar walls, and projected into the alveolar septa. RON was highly expressed and constitutively activated in tumors. These results indicate that overexpression of human wild-type RON causes the formation of lung tumors with unique biological characteristics in vivo. This model provides opportunities to study the role of RON in the pathogenesis of lung tumors and to elucidate the mechanisms underlying this distinct lung tumor.
RON (Recepteur d'Origine Nantais) (Ronsin et al., 1993) , also known as STK (stem cell-derived tyrosine kinase) in mice (Iwama et al., 1994) , belongs to the MET proto-oncogene family, a distinct subfamily of receptor tyrosine kinase (Ronsin et al., 1993) . The ligand for RON was identified as macrophage stimulating protein (MSP) (Gaudino et al., 1994; Wang et al., 1994) , also known as hepatocyte growth factor-like protein (Han et al., 1991) . MSP is a serum protein originally discovered through its effects on mouse macrophages (Skeel et al., 1991) . Expression of RON is observed primarily in cells of epithelial origin including lung and colon (Gaudino et al., 1995; Ronsin et al., 1993) . Disruption of the RON gene (knockout) leads to the death of mouse embryos in the early stages (Muraoka et al., 1999) , suggesting that RON is developmentally required.
The RON gene is normally transcribed in the lungs as evident in Northern blot analysis (Ronsin et al., 1993) . Immunohistochemical staining (IHCS) confirmed that RON expression is restricted to bronchial epithelial cells, but not in alveolar cells including type II cells (Sakamoto et al., 1997) . Increased RON expression in the lungs was observed after administration of chemical carcinogens (Willett et al., 1997) . Altered RON expression has also been found in lung cancer cell lines (Willett et al., 1998) . Recently, a mutation in the RON gene has been identified in a primary human lung cancer . These results suggest that RON might be involved in the progression of certain lung tumors in vivo.
To study oncogenic potentials of RON in vivo, particularly in the lungs, we decided to express human wild-type (wt) RON in the mouse lungs using transgenic techniques. The RON cDNA (Ronsin et al., 1993) was inserted into the vector 3.7SPC/SV40 (Glasser et al., 1990) between the 3.7 kb human surfactant protein C promoter (SPCp) and the 0.4 kb SV40 sT intro-poly A sequence. The transgene fragment was injected into the pronuclei of fertilized eggs isolated from B6C3/F1 hybrid mice (C57BL/66C3H, Taconic). Eggs surviving microinjection were implanted into the oviducts of pseudopregnant foster mothers (CD1, Charles River Laboratories) following previously described procedures with modifications (Hogan et al., 1996; Ho et al., 1998) .
The integration of the SPCp-RON transgene into the genome was determined by Southern blot analysis using mouse-tail DNA. Five founder mice, #35, 36, 39, 40, and 71, were found to harbor the transgene with varying copy number (Table 1) . Founder mouse #39 died accidentally at the age of 4 months. The remaining four founder mice (lines #35, 36, 40, and 71) were bred with B6C3/F1 hybrid mice to produce offspring (F1).
The F1 mice with the integrated transgene were determined by PCR analysis using tail DNA as templates. Germline transmission was identified in lines #35, 36 and 71. Founder mouse #40 failed to pass the transgene to offspring, probably due to the mosaic effect on the founder mouse, with the germline cells being free of the transgene (Wikenheiser et al., 1992; Lavigueur et al., 1989) . Founder mice #35, #36, and #71 and their offspring were used for further studies.
Unlike RON gene knockout mice, SPCp-RON transgenic mice were born normal without visible abnormalities. Their growth and reproduction was also normal in comparison with control mice, indicating that the targeted expression of RON in mouse lung has no effect on the overall development of mice. As expected, RON is highly expressed in the lungs of all three lines of transgenic animals as determined by Western blot analysis using antibodies specific to human RON (Table 1) . By comparing the size of the RON protein from transgenic lungs with control cells that express mature RON with correct proteolytic conversion, it was determined that the transgene expresses the correctly processed wtRON protein (data not shown). The transgene was not detected in other organs such as liver, stomach, intestines, spleen, heart, brain, and kidney, indicating that the transgene is specifically expressed in the lungs.
Between 6 and 14 months of age, depending on individual lines of transgenic mice, all founder mice and F1 mice (104 from 127 in line #71, 63 from 69 in line #35, and 46 from 54 in line #36) showed signs of respiratory distress. To determine the cause of the illness, lungs were removed from sacrificed mice. Histological examination was performed with hematoxylin-eosin staining of formalin-fixed, paraffinembedded sections. Lungs from control mice did not show any abnormalities (Figure 1a) . However, multiple tumors with uniform morphology were observed in the lungs, although the overall structures of the lung were still intact (Figure 1b) . Most of the tumors were located in peripheral portions of the lung. The majority of tumors appeared as solid-alveolar adenomas with some atypical cells showing early progression towards adenocarcinoma. The tumors displayed a distinctive colummar-to-cuboidal morphology ( Figure 1c ). They grew along the alveolar walls and projected into the alveolar septa. Other organs or tissues were also examined and no tumor formation was observed. Also, no tumors were found in littermate controls (more than 160 mice examined within 8 -18 months. These results suggest that tumor formation is not a randomly occurring event in these transgenic mice. A summary of tumors found in all three lines of transgenic mice is shown in Table 1 .
We next determined the growth patterns of lung tumors in SPCp-RON mice. Experiments were performed to see when tumors appeared in the lung and how long it takes for tumors to become multiples in the lung. To this end, the lungs from F1 mice (line #71) were collected at different months after the mice were born. A single tumor mass was found in the lung in three individual mice as early as two months of age. No tumors were found in newborn or one month old mice (three mice were examined in each age group). Around 4 -6 months of age, several tumor nodules were observed. Up to 8 -14 months, numerous tumor masses were seen. At these stages, some mice showed signs of respiratory distress. These results suggest that the tumors are most likely to be initiated two months after birth. The progression of tumors from a single mass to multiple nodules appears to be a slow process taking about 6 -10 months. Because many alveolar cells express the RON transgene, the multiple tumors are likely to originate from different individual cells within this several month period. However, the erogenous spreading of tumors loosened from alveolar walls may also play a role.
To determine the relationships between transgene expression and lung tumor formation, it is important to find if RON is expressed and activated in lung tumors. To this end, immunohistochemical staining (IHCS) was performed on lung sections using rabbit IgG antibodies specific to human RON (Chen et al., 2000) . The results are shown in Figure 2 . Immunoreactive RON was strongly detected in tumors ( Figure  2a ). The RON staining is mostly displayed as surface 1 The copy numbers of the transgene was determined by Southern blot analysis using the injected DNA fragment as the positive control. 2 The levels of RON expression and activation in the lungs were determined by Western blot analysis after immunoprecipitation of RON with the monoclonal antibody specific to human RON (Clone ID2) (Chen et al., 2000) using 3 mg of lung homogenate per sample. MDCK cells expressing RON were used as a positive control (++++) (Wang et al., 1994) . RON phosphorylation was determined in the phospho-tyrosine assay using mAb 4G10 (Upstate Biotechnology Inc., Lake Placid, NY, USA) as the detecting antibody. The intensity of the phosphorylated RON protein was determined by comparison with those in MDCK-RON cells stimulated with 5 nM MSP (++++).
3 Tumor incidence in the lungs of F1 mice was calculated by dividing the number of mice with lung tumors by total numbers of mice with the transmitted transgene. Mice were sacrificed at 6 -20 months after their birth. 4 ND: not done and cytoplasmic granular patterns. By analysing the immunoreactivity, it seems that the cancerous cells at the edges of the tumor displayed more intensive staining than those in the center. No immunoreactivity was found in control tumor sections (Figure 2b ), in which normal preimmunized rabbit IgG (from same rabbit) was used. These results suggest that the immunoreactivity in tumors is specific to RON.
To determine if overexpressed RON is constitutively active in vivo, the tyrosine phosphorylation assay was performed using lysates prepared from more than 20 individual lung tumors in Western blot analysis. Results showed that RON is autophosphorylated in tumors as determined in Western blot analysis (data not shown). Similar results were also found in cell lines expressing high levels of RON in the absence of MSP, suggesting that overexpression leads to the receptor activation. However, MSP at relatively low levels (7 -19+5 ng/50 mg proteins) was detected in Western blot analysis in 13 of 13 lysates prepared from tumor samples, indicating that RON activation could also be induced by MSP in vivo. In addition, we determined if activated RON is caused by point mutations. The cDNA fragments corresponding to the kinase domain of the RON transgene from more than 20 lung tumor samples was sequenced. No activating mutations were detected (data not shown), indicating that RON activation is not caused by generating oncogenic forms of RON. These data demonstrated that RON is highly expressed and constitutively active in lung tumors in SPCp -RON transgenic mice. Overexpression and constitutive activation of wild-type RON could be the driving force leading to the tumor initiation and progression.
To further characterize tumors, experiments aimed at identifying the cell-type origin of lung tumors were performed. Our attention was focused on type II and Clara cells because it has been shown that the SPC promoter functions specifically in type II and Clara cells (Glasser et al., 1990; Wikenheiser et al., 1992) . The specific cellular marker for type II cells is SPC, which is produced only by type II cells (Mason et al., 2000) . In contrast, nonciliated bronchiolar Clara cells express CC10 (Singh and Katyal, 1998) , which serves as a distinct cellular marker. Thus, identifying type II Immunohistochemical staining was conducted as described (Santoro et al., 1998) . Lung sections from a F1 mice (lines #71) were treated with 15% acetic acid to block endogenous alkaline phosphatase and blocked with 1% BSA in Tris buffer (10 mm Tris, pH 7.4, with 150 mM NaCl, 1% BSA, and 0.1 Tween 20). Rabbit IgG antibody to human RON (Chen et al., 2000) was used as primary antibody. Goat anti-rabbit IgG conjugated with alkaline phosphatase was used as detecting antibody. The substrate for the reaction was Fast Red. Positive controls were MDCK cells expressing RON (data not shown) (Wang et al., 1994) . RON was stained positively in tumors (a). Lung sections incubated with preimmunized rabbit IgG served as the negative control (b). The results were examined under a microscope and photographed. Similar results were obtained from lung tumor section derived from other lines of transgenic mice (data not shown) or Clara cell markers in lung tumors could help us to determine the origin of cancerous cells. IHCS was performed using rabbit anti-proSPC serum and goat anti-CC10 serum (Singh and Katyal, 1998) . The results are shown (Figure 3 ). Positive staining of the bronchial epithelial cells with the anti-CC10 antibody was observed (Figure 3a) . No tumor cells stained positively with CC10. The results of detecting SPC are shown (Figure 3b ). Positive staining of tumor cells with anti-SPC antibody was observed. As a control, type II cells from littermates also expressed SPC (data not shown). Thus, lung tumors do not express the Clara cell marker CC10, but display type II cell phenotypes. It is very possible that lung tumors in the transgenic mice originated from type II pneumocytes.
The role of RON in the initiation and progression of epithelial tumors is largely unknown. Previous studies have shown that forced expression of wtRON in rodent fibroblasts does not cause cell transformation, instead it induces motile-invasive phenotypes (Santoro et al., 1996) . However, RON has oncogenic potentials (Santoro et al., 1998) . It was shown that RON is overexpressed in the majority of primary breast carcinoma samples and in colon cancer cell lines (Maggiora et al., 1998; Chen et al., 2000) . Also, the oncogenic forms of RON can be created by point mutations in the kinase domain of RON, which causes cell-transformation and tumor growth in vivo (Santoro et al., 1998) . These data clearly suggest that under certain conditions, altered RON expression could initiate transforming/oncogenic programs. The data presented in this study show that overexpression of RON in distal lung epithelial cells results in lung tumor formation and progression in transgenic mice. However, it is acknowledged that significant difference exists between the cell transformation assay and the transgenic overexpression study. As shown in Table 1 and Figure 2 , RON is highly expressed and constitutively activated in lung tumors in vivo. The activation is probably caused by abnormal receptor accumulation or through interaction with MSP. Activated RON has the ability to activate many signaling pathways including Ras (Li et al., 1995) , PI-3 kinase (Wang et al., 1996) , MAP kinase (Santoro et al., 1998) , and JNK (Chen et al., 2000) , all of which are critical in regulating cell growth, transformation, and survival. Thus, it is possible that constitutive activation of RON facilitates the uncontrolled growth of distal lung epithelial cells towards formation of lung adenomas.
There are several features in lung tumors in SPCp -RON transgenic mice that differ from those induced by oncogenic proteins as described in literature (Wikenheiser et al., 1992; Lebel et al., 1995; Lavigueur et al., 1989; Kerkhoff et al., 2000; Clark et al., 2001) . (1) RON is a receptor tyrosine kinase that is normally expressed in the lungs (Ronsin et al., 1993) . Unlike SV40 and mutated H-Ras, RON is not an oncogenic protein nor does it have cell-transforming activity in vitro (Santoro et al., 1996) . Thus, the mechanisms by which RON expression results in tumor formation must be different from those induced by oncogenic proteins such as SV40 (Wikenheiser et al., 1992) . (2) Tumors in SPCp-RON mice have a unique cell morphology and growth pattern. They originate from alveolar, only express the type II cell marker SPC, and grow along the alveolar septa and project into the alveolar spaces. These features are different from those in multifocal lung tumors in SV40T transgenic mice (Sandmoeller et al., 1995) . SV40T-induced tumors were adenocarcinomas with a mixed growth pattern: lepidic, papillary, and solid (Wikenheiser et al., 1992) . Tumors also display phenotypes of several subtypes of adenocarcinomas with mixed cellular markers including CC10 and SPC, suggesting heterogeneity of tumors from bronchiolar and alveolar origins (Wikenheiser et al., 1992) . (3) The progression of lung tumors in SPCp -RON mice is a slow process. Tumors were initiated in the lung as a single mass around 2 to 3 months after mice were born. Multiple nodules were observed only at 6 -10 months and lasted 12 -24 months. Mice that died due to respiratory failure usually lived for 2 years. This progression pattern differs from other transgenic lung tumor models. In those models, tumors developed rapidly within months and mice died around 4 -6 months of age (Wikenheiser et al., 1992; Lavigueur et al., 1989; Lebel et al., 1995; Sandmoeller et al., 1995) , mostly before transgenic descendants could be obtained. Thus, lung tumors in RON transgenic mice progress on a relatively natural course. At present, the mechanisms by which RON expression results in lung tumors are unknown. Nevertheless, it is worthwhile to speculate the potential mechanisms underlying this unique tumor model. Since wtRON does not have cell-transforming activities in vitro (Santoro et al., 1996) , it is unlikely that the tumors are caused directly by overexpression of RON in vivo. A second hit with additional genomic or cellular changes might be required for the complete initiation of lung tumors in SPCp -RON transgenic mice. Our recent studies have found that genomic instability occurs in individual lung tumors. Furthermore, lung tumors were not found in newborn mice but only in 2 -3 months old mice, suggesting that a 60 -90 day period is required for tumors to develop in the lung. This period may provide opportunities for alterations in some oncogenes or tumor suppressor genes in RON expressing type II cells. Also, lung tumors in young mice (3 -8 months old) are usually adenomas with some atypical cells showing early progression towards adenocarcinomas. In contrast, tumors in relatively old mice (10 -24 months) show increased malignant behavior, indicating that additional changes are needed for adenomas to develop into adenocarcinomas. Mutations or deletions in oncogenes or tumor suppressor genes could facilitate this progression. It is often reported that K-Ras or p53 gene is frequently mutated in mouse lung tumors, induced either by chemical carcinogens or by expression of oncogenes (Malkinson, 1998) . Thus, it will be important in the future to study the molecular and cellular mechanisms involved in the initiation and progression of lung tumors in SPCp-RON transgenic mice.
